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ABSTRACT 


Fiber  reinforoed  composite  (FRC)  materials  are  used  extensively  because 
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results  of  a  study  undertaken  by  the  Faotory  Mutual  Researoh  Corporation 
(FMRC)  on  FRC  materials  for  possible  composite  oombat  vehicle  applications  on 
behalf  of  the  U.S.  Army  Materials  Technology  Laboratory tAMRT)  .  The  objective 
of  the  study  was  to  assess  the  flammability  characteristics  of  FRC  materials 
using  small-seale  experiments. 

In  the  study,  five  FRC  samples  (about  3  to  4?  on  in  thiokness)  were 
examined.  Results  from  the  study  showed  that  FRC  materials  have  high  resis¬ 
tance  to  ignition,  a  high  heat  of  gasification  and  a  low  Fire  Propagation 
Index  (FPI ) ,  indicating  that  self-sustained  fire  propagation  is  expeoted  to  be 
difficult  for  these  materials  (fires  are  not  expeoted  to  propagate  beyond  the 
ignition  zone).  Thus,  these  results  suggest  that  FRC  materials  would  not 
present  as  severe  a  fire  hazard  as  ordinary  combustibles;  1 . e. ,  oellulcsios 
and  most  plastios.  j  1  ‘  ..  t\ 
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SUMMARY 


This  study  was  undertaken  to  assess  the  flammability  characteristics  of 
fiber  reinforoed  composite  (FRC)  materials  in  terms  of  resistance  to  ignition 
and  fire  propagation,  peak  burning  intensity  and  ease  of  fire  extinguishment. 
Five  materials  (Table  1)  were  examined; 

1.  MTL  #1:  S-2  fiberglass  polyester,  non-flame  retardant  formulation, 
base  line; 

2.  MTL  #2:  S-2  fiberglass/polyester,  flame  retardant,  prepreg, 
formulated  for  the  Army  Materials  Technology  Laboratory  (AMTL)  by 
Owens-Coming  Corporation; 

3.  MTL  #3:  S-2  flberglaas/polyestei-,  flame  retardant,  prepreg, 
formulated  for  AMTL  by  American  Cyanamide  Corporation. 

4.  MTL  #4:  Aramid  (Kevlar)  phenolio-polyvinylbutyral  (PVB),  spall  liner, 
formulated  for  AMTL  by  Russell  Corporation. 

5.  MTL  #5:  S-2  fiberglass/phenolio,  spall  liner,  formulated  for  AMTL  by 
Owens-Corning  Corporation. 

The  fire  behavior  of  MTL  #1,  which  is  the  baseline  material  and  is  of 
non-flame  retardant  formulation,  is  very  different  than  the  other  samples  as 
expeoted.  This  difference  has  been  indicated  in  this  report. 

MTL  #2  to  15  samples  contained  two-thirds  by  weight  and  50%  by  volume  of 
the  nonoombustible  fiberglass. 

Fiber:  Resin  Ratios  (by  weight) 

MTL  II  -  70:30 
MTL  12  -  70:30 
MTL  13  -  70:30 
MTL  14  -  84:16 
MTL  15  -  80:20 

All  the  experiments  were  performed  in  the  FMRC's  50  kW-Soale  Flammability 
Apparatus  (Figure  1). 
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Result 

For  assessment  of  the  fire  hazards  expected  from  the  FRC  materials, 
several  fire  properties  associated  with  the  following  fire  stages  were 
quantified  and  oompared  with  the  fire  properties  of  noncomposite  materials 
(ordinary  oombustibles): 

1 .  Ignition 

2.  Fire  propagation 

3.  Steady  state  burning 

4.  Fire  extinguishment. 

1.  Ignition 

As  materials  are  exposed  to  heat  by  various  heat  sources,  vapors  are 
generated.  The  vapors  oombine  with  air,  forming  oombustlble  mixtures  which 
auto  ignite  or  are  ignited  by  flames  present  in  the  neighborhood.  This  pro- 
oeas  is  defined  as  ignition  (auto  or  piloted)  and  is  responsible  for  starting 
flaming  fires.  The  ignition  prooess  is  quantified  in  terms  of  two  parameters: 

a)  Critioal  heat  flux  (or  temperature)  defined  as  the  minimum  heat  flux 
(or  temperature)  below  which  the  material  cannot  be  ignited.  Critioal  heat 
flux  is  expressed  as  kW/m2  and  temperature  as  aC  (*F). 

b)  Thermal  Response  Parameter  (TRP)  defines  the  resistance  to  ignition 
and  fire  propagation  TRP  is  expressed  as  kWs^/'2/m2| 

The  oritlcal  heat  flux  and  TRP  values  are  quantified  by  measuring  time  to 
Ignition  at  various  external  heat  flux  values.  The  higher  the  oritioal  heat 
flux  and  TRP  values,  the  higher  the  resistance  to  ignition  and  fire  propaga¬ 
tion.  Thus  materials  (thicknesses  of  less  than  5  mm)  with  TRP  values  of  300 
kWs1/2,/m2  or  larger  generally  represent  materials  with  high  resistanoe  to 
ignition  and  fire  propagation.  The  following  values  were  obtained  for  the  FRC 
materials;  for  comparison,  values  for  non-FRC  materials  from  other  FMRC 
studies  are  also  listed. 

2 

a)  Critioal  Heat  Flux  in  kW/m  and  Temperature  8C  (°F) 

FRC  10-20;  355-478  (671-892) 

Non-FRC  11-38;  390-631  (734-1169) 
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i/o  2 

b)  Thermal  Response  Parameter (kWs  /m  ) 

FRC  (3.2  to  4.8  an  thiok)  338-610 

Non-FRC  (Polystyrene,  50  mm  thick)  200 
Non-FRC  (PVC,  50  mm  thlok)  172 

Non-FRC  (Neoprene,  50  nm  Thick)  154 


The  oritioal  heat  flux  values  for  FRC  and  non-FRC  materials  are 
oomparable,  but  the  TRP  for  the  FRC  materials  is  higher,  suggesting  higher 
resistance  to  ignition  and  fire  propagation  than  for  the  non-FRC  materials. 

2.  Fire  Propagation 

After  initiation,  fire  will  propagate  with  burning  proceeding  over  the 
surface  and  into  the  material.  The  fire  hazard  depends  on  the  rate  with  whioh 
fire  propagates.  It  is  expressed  in  terms  of  the  Fire  Propagation  Index  (FPI) 
which  is  the  ratio  of  the  radiative  heat  release  rate  per  unit  width  to  the 
one-third  power  and  the  TRP.  FPI  is  quantified  by  using  a  24  in.  (0.61  m) 
long  and  4  in.  (100  mm)  wide  vertloal  sheet  in  a  40%  Og  environment  with 
bottom  8  in.  (0.20  m)  in  the  ignition  zone  (50  kW/m2  of  external  heat  flux 
exposure).  Heat  release  rate  is  measured  during  fire  propagation  within  and 
beyond  the  ignition  zone. 

The  higher  the  FPI  value,  the  higher  the  fire  propagation  rate.  For 
materials  with  a  thickness  of  less  than  5  mm  and  FPI  values  of  less  than  10, 
fire  propagation  beyond  the  ignition  zone  is  difficult.  The  following  FPI 
values  were  determined  for  the  FRC  materials;  for  comparison,  FPI  value  for  a 
non-FRC  material  (polystyrene)  is  also  listed: 


FRC  materials  FPI 

MTL  (#1;  4.8  m  thick)  13.3 

MTL  (#2  to  #5;  3.2  tc  4.8  mm  thiok)  <10 
Non-FRC  (polystyrene,  50  mn  thick)  30 


The  FPI  values  for  FRC  samples  #2  to  15  suggest  that  self-sustained  fire 
propagation  beyond  the  ignition  zone  is  not  expected  for  these  materials. 
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3.  Steady  State  Burning 

The  fire  intensity  for  the  fully  involved  Sample  Is  maximum.  The  hazard 
is  presented  by  heat,  fire  produots  (toxio  and  oorroaive)  and  smoke  (reduced 
visibility),  and  depends  on  the  generation  rates  of  material  vapors,  fire 
produets  and  heat  release  rate. 

3. 1  Generation  Rate  of  Material  Vapors 

The  Important  material  properties  whioh  govern  the  generation  rate  of 
material  vapors  (mass  loss  rate)  are: 

a)  Heat  of  gasifloation,  defined  as  the  amount  of  energy  required  to 
vaporize  unit  mass  of  the  material.  The  higher  the  heat  of  gasifloation,  the 
lower  the  generation  rate  of  material  vapors.  Heat  of  gasification  is 
expressed  as  kJ/g, 

b)  Surfaoe  reradiatlon  loss.  The  higher  the  loss,  the  lower  the 
generation  rate  of  material  vapors.  The  surface  reradiation  loss  is  very 
olose  to  the  critical  heat  flux  value.  The  critical  heat  flux  values  are 
listed  in  the  previous  section, 

o)  Flame  heat  flux.  The  lower  the  flame  heat  flux  value,  the  lower  the 
generation  rate  of  material  vapors.  The  flame  heat  flux  is  expressed  as 
kW/m2. 

The  heat  of  gasification,  surface  reradiation  loss  and  flame  heat  flux 
are  used  to  assess  the  generation  rate  of  material  vapors  (mass  loss  rate  of 
the  material).  The  following  values  were  obtained  for  the  FRC  materials; 
values  for  non-FRC  materials  are  included  for  comparison: 


a)  Heat  of  Gasifloation  (kJ/g) 

FRC  materials 

MTL  #3  2.9 

MTL  #1,  2,  4  and  5  5.1  to  7.8 

Non-FRC  (Polystyrene)  1.7 

Non-FRC  (Polyvinylchloride)  2.5 

Non-FRC  (Polypropylene)  2.0 


b)  Flame  Heat  Flux  (kW/m2) 

FRC  materials 

MTL  #2,  4  and  5 

20-21 

MTL  #3 

37 

MTL  #1 

51 

Non-FRC  (Polystyrene) 

78 

Non-FRC  (Polypropylene) 

71 

Non-FRC  (Polyvinylchloride) 

50 

o 

o )  Generation  Rate  of  Material  Vaoors  (Mass  Loss  Rate)  in  e/m  a  in 

Laree-Soale  Fires  with  an  External  Heat  Flux  of  60  kW/m2 

FRC  materials 

MTL  #5 

8.2 

MTL  #4 

8.5 

MTL  #2 

12.9 

MTL  #1 

15.8 

MTL  #3 

30.0 

Non-FRC  (Polypropylene) 

55.7 

Non-FRC  (Polyvinylohloride) 

59.5 

Non-FRC  (Polystyrene) 

73.5 

The  generation  rate  of  vapors 

(mass  loss  rate)  for  FRC  materials  is 

aignifioantly  lower  than  it  is  for 

non-FRC  materials  within  the  external  heat 

flux  zone.  It  should  be  noted  that 

for  FRC  materials  #2  to  #5,  self-sustained 

fire  propagation  is  not  expeoted  beyond  the  ignition  zone. 

3.2  Heat  Release  Rate 

In  a  fire,  heat  Is  generated  as  a  result  of  ohemical  reactions.  Heat 
that  is  released  in  reaotions  where  CO  and  C02  are  generated,  and  02  is 
depleted,  is  defined  as  the  ohemloal  heat,  and  the  rate  as  the  chemloal  heat 
release  rate.  Chemical  heat  release  rate  is  determined  by  measuring  the  gen¬ 
eration  rates  of  CO  and  C02  and  the  depletion  rate  of  02  at  various  externally 
applied  heat  flux  values.  The  ratio  of  the  ohemical  heat  release  rate  to  the 
generation  rate  of  materials  vapors  (trass  loss  rate)  is  defined  as  the  cherai- 
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oal  heat  of  combustion.  The  chemical  heat  of  combustion  is  less  than  the  net 
heat  cf  complete  combustion  or  the  total  heat  of  combustion  as  measured  in  the 
oxygen  bomb  calorimeter.  The  ratio  of  the  ohemical  heat  of  combustion  to  the 
net  heat  of  complete  combustion  1:}  defined  as  the  combustion  efficiency  of  the 
material . 

For  fixed  external  and  flame  heat  flux  values  and  surface  rerad lation 
loss,  the  ohemloal  heat  release  rate  is  governed  by  the  ratio  of  the  chemioal 
heat  of  combustion  to  the  heat  of  gasification,  defined  as  the  Heat  Release 
Rate  Parameter  (HRP) .  The  lower  the  HRP  value,  the  lower  the  heat  release 
rate. 

The  heat  release  rate  oan  be  calculated  by  'multiplying  HRP  by  the  flame 
heat  flux  or  the  external  heat  flux  minus  the  surfaoe  reradiation  loss.  The 
following  HRP  values  were  quantified  for  the  FRC  materials;  values  for  non-FRC 
materials  are  also  inoluded  for  comparison.  The  chemioal  heat  release  rates 
calculated  from  HRP  values  are  also  listed  below: 

a)  Heat  Release  Rate  Parameter  (HRP) 


FRC  MTL  #1  to  #5 

1.6  -  3.2 

Non-FRC  (Polystyrene) 

15.9 

Non-FRC  (Polypropylene) 

19.0 

Non-FRC  (Douglas  fir) 

7.1 

Non-FRC  (Polyvinylchloride) 

3.4 

Chemioal  Heat  Release  Rate  in 

2 

kW/ra  for  an  External 

Heat  Flux  of  60  kW/m2 

FRC  MTL  #1  to  #5 

98-282 

Non-FRC  (Polystyrene) 

2000 

Non-FRC  (Polypropylene) 

2150 

Non-FRC  (Polyvinylchloride) 

340 

The  chemical  heat  release  rate  for  the  FRC  materials  within  the  external 
heat  flux  xone  is  significantly  less  than  for  the  non-FRC  materials. 
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3.3  Generation  Rate  of  Pire  Produota 

In  fires,  various  types  of  produots  are  generated.  In  this  study 
generation  rates  of  CO,  C02,  hydrocarbons,  and  smoke  and  light  obscuration  by 
smoke  were  quantified.  The  light  obsouratlon  of  smoke  is  expressed  in  terms 
of  mass  optical  density. 

The  ratio  of  the  generation  rate  of  a  fire  produot  to  the  generation  rate 
of  material  vapors,  or  the  mass  loss  rate,  is  defined  as  the  yield  of  the 
produot.  For  fixed  external  and  flame  heat  flux  values  and  surface  re-rad ia- 
tlon  loss,  the  generation  rate  of  a  fire  produot  is  governed  by  the  ratio  of 
its  yield  to  the  heat  of  gasification  of  the  muterlal,  defined  as  the  Produot 
Generation  Parameter  (PGP).  The  lower  the  PGP  value,  the  lower  the  generation 
rate  of  the  produots. 

The  generation  rates  of  the  produots  can  be  oaloulated  from  PGP  by 
multiplying  it  with  the  external  and  flame  heat  flux  minus  the  surface 
reradiation. 


The  following  data  were  obtained 

for  CO  and  smoke 

for  the  FRC  materials: 

a)  Produot  Generation  Parameter  (PGP) 

FRC  materials 

CO 

Smoke 

MTL  #2,  4  and  5 

0.0032-0.0090 

0.0032-0.011 

MTL  #1 

0.0086 

0.011 

HT1  #3 

0.035 

0.023 

Non-FRC  (Polypropylene) 

0.C12 

0.029 

Non-FRC  (Polystyrene) 

0.035 

0.097 

Non-FRC  (Polyvlnylohloride) 

0.038 

0.102 

The  CO  and  smoke  PGP  values  for  MTL  12,  4  and  5  are  lower  than  the  values  for 

samples  MTL  #1  and  3  and  the  non  FRC  i 

materials. 

b)  Mass  Ootioal  Density  (MOD) 

FRC  materials 

MTL  14  and  5 

0.07-0.27 

MTL  #1,  2  and  3 

0.90-0.97 

Non-FRC  (Polypropylene) 

0.55 

Non-FRC  (Polystyrene) 

0.77 

Non-FRC  (Polyvlnylohloride) 

0.92 

xi 


The  lower  the  MOD  values,  the  lower  the  light  obscuration  by  smoke  for  a 
defined  fi^e  size.  For  FRC  materials,  the  MOD  values  for  MTL  #4  and  #5  are 
lower  than  the  values  for  MTL  #1,  #2  and  #3  and  the  non  FRC  materials. 

4.  Flame  Extinguishment 

In  this  study,  flame  extinguishment  by  Halon  1301  (with  samples  exposed 
to  60  kW/o2  of  external  heat  flux)  was  quantified.  The  following  Halon  1301 
oonoentrations  in  volume  peroent  were  found  for  flame  extinguishment: 

FRC  materials  3.0  to  4.0 

Non-FRC  materials  2.6  to  4.0 

The  range  is  oonsistent  with  the  design  of  the  ourrent  suppression  systems  for 
the  orew  compartment  where  maximum acceptable  oonoentrations  are  6?  by  volume 
for  5  minutes  or  10Jt  by  volume  for  1  minute. 

Conclusion 

Within  the  FRC  materials,  MTL  11,  whioh  was  the  base  line  material,  was 
not  fire-retarded  and  the  results  from  this  study  indioated  that.  In  this 
report,  the  distinction  has  been  made  between  MTL  #1  and  other  MTL  sample 
materials. 

The  results  from  this  study  suggest  that  FRC  materials  MTL  #2  to  #5  are 
expeoted  to  resist  ignition  and  fire  propagation;  Samples  #4  and  1 5  had  the 
highest  fire  resistance.  The  higher  resistance  to  ignition  is  due  to  higher  4 
values  of  oritlnal  heat  flux  and  thermal  response  parameter.  The  materials 
will  burn  within  the  ignition  and  external  heat  flux  zones,  but  the  generation 
rates  of  fire  produots  and  heat  release  rates  are  expected  to  be  less  thnn 
those  for  non-FRC  materials  such  as  polystyrene  and  polypropylene. 

Halon  1301,  with  a  oonoentration  in  the  range  of  3  to  4)1  by  volume,  is 
expeoted  to  extinguish  flames  from  the  burning  FRC  materials  within  the 
ignition  and  external  heat  flux  zones  with  a  flux  up  to  60  kW/m2. 

From  the  estimates  based  on  results  of  this  study  performed  at  the 
Faotory  Mutual  Researoh  Corporation's  Small  Scale  Flammability  Apparatus,  it 
can  be  concluded  that  a  composite  vehiole,  by  virtue  of  its  construction,  is 
not  expeoted  to  present  an  unusual  fire  hazard.  Such  a  conclusion,  however, 
needs  to  be  validated  in  larger  soale  fires,  possibly  using  enclosures  and/or 
parallel  sheets  made  of  the  FRC  materials. 
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Recommendations 

It  Is  recommended  that  the  results  from  this  study  be  validated  In  the 
large  scale  "field"  tests  that  simulate  realistic  conditions. 
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I 

INTRODUCTION 


Fiber  reinforced  composite  materials  are  used  extensively  beoause  of 
their  physiooohemioal  properties,  Including  high  strength-to-weight  ratio  and 
exoellent  resistance  to  baliistio  penetration  by  munition  fragments.  The  use 
of  oomposites  in  Army  vehioles  as  a  means  of  decreasing  weight  and  enhanoing 
survivability,  without  reduoing  personnel  safety,  has  been  under  study  for 
some  time.  The  U.S.  Army  Materials  Teohnology  Laboratory  (AMTL)  has  success¬ 
fully  demonstrated  that  a  ground  vehiole  turret  oould  be  fabrioated  from  FRC 
materials;  sinoe  then  the  teohnology  has  been  applied  to  the  fabrication  of  a 
composite  vehiole  hull  [1].  The  U.S.  Navy  is  also  developing  the  use  of  FRC 
materials  for  numerous  ship  and  submarine  applications  for  Marine  Corp 
amphibian  armored  personnel  oarriers,  including  use  as  major  struotural 
components.  FRC  materials  are  also  finding  extensive  applications  in  the 
aerospaoe,  automobile  and  other  Industries. 

Although  FRC  materials  are  very  attractive  in  terms  of  their  physioo¬ 
ohemioal  properties,  oonoern  for  possible  fire  hazards  is  understandable  as 
organic  polymers  are  one  of  the  major  constituents  of  FkC  materials  (on  the 
order  of  30%  by  weight  or  50$  by  volume).  It  is,  therefore,  important  that 
the  flammability  of  FRC  materials  be  determined  and  oompared  with  other 
materials. 

This  report  describes  the  results  for  flammability  characteristics 
evaluations  of  FRC  materials  using  the  FMRC  Small-Scale  Flammability  Apparatus 
and  the  principles  and  techniques  developed  at  FMRC. 
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II 

GENERAL  CONCEPTS 

The  flammability  characteristics  of  a  material  are  evaluated  in  terms  of 
the  following  prooesses: 

1.  Ignition. 

2.  Fire  propagation. 

3.  Generation  of  materials  vapors,  heat  and  fire  produots. 

4.  Fire  suppression/extinguishment. 


2.1  Ignition 

As  a  material  is  subjected  to  heat  souroe,  vapors  are  generated  which  oan 
be  Ignited  by  an  ignition  source  such  as  a  pilot  flame.  The  time  for  genera¬ 
ting  vapors  and  ignition  decreases  as  the  heat  flux  received  by  the  material 
increases.  There  is  a  minimum  value  of  heat  flux  at  or  below  whloh  vapors  are 
not  generated  and  there  is  no  ignition;  this  minimum  heat  flux  is  defined  as 
the  orltloal  heat  flux.  The  relationship  between  tlme-to-ignition  and  heat 
flux  is  used  to  define  Thermal  Response  Parameter  (TRP)  (Eq.  4  in  the 
Appendix)  to  oharaoterize  the  Ignition  resistance  and  fire  propagation 
behavior  of  materials.  The  higher  the  orltloal  heat  flux  and  TRP  values,  the 
greater  the  difficulty  of  initiating  a  fire,  and  the  higher  the  resistance  to 
fire  propagation.  Thus,  for  the  assessment  of  fire  hazard,  ignition  experi¬ 
ments  are  performed  and  orltloal  heat  flux  and  TRP  values  are  determined  from 
the  experimental  data  for  time-to- ignition  measured  at  various  external  heat 
flux  values  [2-6]. 

2.2  Fire  Propagation 

After  fire  is  initiated,  it  propagates  away  from  the  ignition  souroe  if 
sufficient  heat  is  supplied  to  the  material  from  either  the  flame  of  the 
burning  material  and/or  the  external  heat  souroes.  Fire  propagation  assisted 
by  the  flame  heat  flux  from  the  burning  material  in  the  absenoe  of  external 
heat  flux  is  defined  as  self-sustained  fire  propagation.  The  magnitude  of  the 
flame  heat  flux  depends  on  the  radiative  component  of  the  ohemioal  heat 
release  rate  [4,6].  For  materials  with  lower  values  of  heat  release  rates  and 
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higher  values  of  TRP,  self-sustained  fire  propagation  is  difficult;  however, 
in  the  presenoe  of  external  heat  flux,  fire  propagation  is  sustained,  but  the 
fire  propagation  rate  is  low.  For  the  quant if ioat ion  of  fire  propagation 
behavior  of  materials,  a  ratio  of  the  radiative  component  of  the  ohemioal  heat 
release  rate  and  TRP  is  used  (Eq.  13  in  the  Appendix).  This  ratio  is  defined 
as  the  Fire  Propagation  Index  (FPI ) .  Materials  with  low  FPI  values  show  that 
it  is  very  diffioult  to  oreate  conditions  for  self-sustained  fire  propagation. 

Fire  propagation  for  FRC  materials  is  expected  to  depend  on  the  heat  flux 
supplied  to  the  material  and  ignition  resistance  of  the  material.  Techniques 
have  been  developed  for  the  quantifioation  of  fire  propagation  using  FMRC's 
Small-Soale  Flammability  Apparatus  [4,6]  and  the  National  Institute  of 
Standards. and  Technology- (NIST)  Flame  Spread.. Apparatus  [11],  whioh  can  be  used 
for  the  FRC  materials.  Limiting  Oxygen  Index  and  its  dependency  on  tempera¬ 
ture  has  been  used  by  AMTL  to  examine  the  fire  propagation  behavior  of  small 
samples  of  FRC  materials  [12]. 

2.3  Generation  of  Material  Vapors 

Upon  ignition,  the  material  starts  burning  and  generates  vapors,  heat  and 
fire  products.  The  rate  with  whioh  material  vapors  are  generated  is  measured 
in  terms  of  the  mass  loss  rate  of  the  material.  The  mass  loss  rate  Is 
measured  at  different  heat  flux  values.  The  relationship  between  mass  loss 
rate  and  heat  flux  is  defined  as  the  heat  of  gasifloation  (Eqs.  1  to  3  in  the 
Appendix).  Heat  of  gasification  is  used  to  characterize  the  ease  with  whioh 
material  vapors  are  generated.  The  higher  the  heat  of  gasification,  the 
slower  the  rate  of  generation  of  material  vapors  and  fire  propagation. 

2.4  Generation  of  Heat 

The  environments  created  in  a  fire  are  due  to  the  generation  of  heat  and 
fire  produots.  The  environment  created  in  a  fire  as  a  result  of  generation  of 
heat  is  defined  as  a  thermal  environment  [17].  The  environment  created  as  a 
result  of  the  generation  of  fire  produots  is  lefined  as  a  nonthermal  environ¬ 
ment  [17]. 

The  heat  generated  in  a  fire  is  due  to  various  ohemioal  reactions,  the 
major  contributors  being  those  reaotions  where  CO  and  C02  are  generated,  and 
02  is  oonsumed  [3].  The  heat  release  rate  thus  is  defined  as  the  chemical 
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heat  release  rate  [3].  Techniques  are  available  to  quantify  chemical  heat 
release  rate  using  FMRC's  Flammability  Apparatus  (2-6],  Ohio  State  University 
(OSU)  Heat  Release  Rate  Apparatus  [131  and  the  NIST  Cone  Calorimeter  [14]. 

The  ohemioal  heat  release  rate  has  a  conveotive  and  a  radiative  component  [2]. 
Teohnlques  are  available  to  quantify  the  conveotive  heat  release  rate  using 
the  FMRC  Flammability  Apparatus  [2,3]  and  the  OSU  Heat  Release  Rate  Apparatus 
[13].  The  radiative  heat  release  rate  is  the  difference  between  the  ohemioal 
and  conveotive  heat  release  rates  [2,31. 

2.5  Generation  of  Fire  Products 

The  generation  of  produots  depends  on  the  generio  nature  of  the  materials 
...  and.  addl tives,.. fire-  propagation.. rate,  fire.. ventilation  and  fire  mode  (flaming 
and  nonflamlng).  Techniques  are  available  to  quantify  the  generation  of 
smoke,  toxio  and  oorrosive  fire  products  using  the  NBS  Smoke  Chamber  [15], 
pyrolysis-gas  chromatography /mass  speotrometry  (PY-GC-MS)  [16],  FMRC  Flamma¬ 
bility  Apparatus  [2,3,5,17,18],  OSU  Heat  Release  Rate  Apparatus  [13]  and  the 
NIST  Cone  Calorimeter  [14].  Techniques  are  also  Available  to  assess  genera¬ 
tion  of:  1)  toxio  compounds  in  terms  of  animal  response  [19],  and  2)  oorrosive 
oompounds  in  terms  of  metal  corrosion  [17]. 

2.6  Fire  Extinguishment 

The  extinguishment  of  fire  depends  on  the  fire  propagation  rate,  physico- 
ohemioal  properties  of  the  materials,  rate  of  application  and  the  concentra¬ 
tion  of  extinguishing  agents.  Water  applied  through  sprinklers  is  the  most 
widely  used  liquid  extinguishing  agent,  and  Halon  1301  and  C02  are  the  most 
widely  used  gaseous  agents.  Techniques  are  available  to  quantify  fire  exting¬ 
uishment  in  large-soale  fires  [20];  however,  standardized  small-soale 
techniques  for  quantifying  fire  extinguishment  are  practically  nonexistent, 
although  reoently  attempts  are  being  made  to  develop  them  using  FMRC's  Small- 
Soale  Flammability  Apparatus  [21], 

2.7  Protection  From  Thermal  and  Non-Thermai  Hazards 

In  order  to  reduoe  fire  hazard,  several  procedures  are  used:  1)  passive 
fire  protection,  such  as  materials  with  low  FPI  values,  coatings,  wrappings, 
physical  separation  using  inert  barriers,  eto.,  and  2)  active  fire  protection, 
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such  as  sprinklers,  halon  and  other  fire  suppression  and  extinguishing 
agents.  The  effectiveness  of  the  passive  and  aotive  fire  protection 
procedures  is  determined  by  performing  burning  and  fire  propagation 
experiments  in  the  presenoe  and  absenoe  of  the  respective  agents. 

Thus,  in  the  flammability  experiments  designed  for  the  assessment  of 
hazard  from  thermal  and  nonthermal  fire  environments,  the  following  parameters 
are  quantified: 

1)  Critloal  heat  flux,  whioh  is  the  minimum  heat  flux  at  or  below  whioh 
there  is  no  ignition; 

2)  Thermal  Response  Parameter  (TRP),  whioh  is  related  to  the  ignition 
temperature,  thermal  conductivity,  density  and  speoifio  heat  of  the  material 
-and'  represents-the-ignition-and. fire  propagation  resistance  characteristic  of 
the  material; 

3)  Heat  of  gasifioation,  which  is  the  amount  of  energy  required  to 
vaporize  a  unit  mass  of  the  material  initially  at  room  temperature; 

4)  Heat  of  oombustlon,  which  is  the  amount  of  energy  produoed  per  unit 
mass  of  material  burned.  Energy  produoed  when  a  unit  mass  of  material  burns 
completely  is  defined  as  the  heat  of  oomplete  oombustlon,  and  the  energy 
produced  when  a  unit  mass  of  the  material  burns  in  fires  is  defined  as  the 
ohemioal  heat  of  oombustlon.  The  ohemioal  heat  of  oombustlon  has  a  oonveotive 
and  a  radiative  component; 

5)  Yield  of  a  fire  produot,  whioh  is  the  amount  of  the  product  produced 
per  unit  mass  of  the  material  vapors  generated; 

6)  Mass  optioal  density  of  smoke,  whioh  is  the  light  obscuration  (optioal 
density)  per  unit  mass  of  the  material  vapors  generated  per  unit  volumetrio 
flow  rate  of  the  fire  produot  air  mixture; 

7)  Fire  Propagation  Index  (FPI),  whioh  is  the  ratio  of  the  radiative 
component  of  the  ohemioal  heat  release  rate  and  TRP. 

These  parameters  are  defined  in  detail  in  the  Appendix. 
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EXPERIMENTS 


Experiments  were  performed  in  the  FMRC  Small-Scale  (50  kW)  Flammability 
Apparatus  shown  in  Figure  1,  details  of  whioh  are  described  in  Refs.  5  and  6. 

3.1  PROCEDURES 

Horizontal,  0.10  x  0.10  m  samples  with  edges  oovered  tightly  with  heavy 
duty  aluminum  foil  were  exposed  to  external  heat  flux  up  to  a  maximum  of  60 
kW/m2.  A  0.01  m  long  ethylene-air  premixed  flame,  located  about  0.01  m  from 
the  surfaoe,  was  used  as  a  pilot  flame  for  ignition.  Ignition  experiments 
were. per formed  under  natural  air  flow;  all  other  experiments  were  performed 
under  foroed  air  flow  conditions  (velooity  0.2  m/s).  The  sample  surfaoes  were 
ooated  with  oarbon  blaok  to  eliminate  differences  in  the  surfaoe 
absorptivity.  In  the  experiments,  the  generation  rate  of  matarial  vapors  was 
monitored  by  measuring  the  mass  loss  rate  using  a  load  cell.  For  the  deter¬ 
mination  of  heat  release  rate,  generation  rates  of  fire  produots  and  optical 
density  of  smoke,  all  the  fire  produots  were  oaptured  in  the  sampling  duob 
along  with  air.  In  the  duct,  measurements  were  made  for  the  total  volumetric 
and  mass  flow  rate  of  the  fire  produot-air  mixture,  concentrations  of  CO,  COg, 
hydrooarbons,  smoke  and  02,  optioal  transmission  through  smoke  and  gas 
temperature. 

•» 

For  the  assessment  of  flame  heat  flux,  qr  ,  expeotod  In  large-soale 
fires,  0.10  x  0.10  m,  samples  with  edges  covered  tightly  with  heavy  duty 
aluminum  foil  were  burned  in  40%  oxygen  concentration  without  the  external 
heat  flux  (71.  Mass  loss  rate  was  measured  and  Eq.  (3)  in  the  Appendix  was 
used  to  oaloulate  qf . 

For  the  quantification  of  fire  propagation  behavior  of  the  FRC  materials, 
0.10  m  wide  and  0.61  m  long  vertioal  sheets  with  thioknesses  varying  from  3  mm 
to  38  mm  were  used.  The  bottom  0.15  m  of  the  sheet  was  exposed  to  50  kW tvr  of 
external  heat  flux  in  the  presenoe  of  a  0.01  m  long  pilot  flame  to  initiate 
fire  propagation.  For  the  simulation  of  large-scale  flame  radiation,  experi¬ 
ments  were  performed  in  40?  oxygen  concentration. 

Fire  extinguishment  behavior  of  the  FRC  materials  using  Halon  1301  was 
quantified  with  a  horizontal  0.01  x  0.01  ra  sample  with  edges  covered  tightly 
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with  heavy  duty  aluminum  foil.  The  sample  surface  was  exposed  to  60  kVJ/m2  of 
external  heat  flux,  Experiments  were  performed  under  foroed  air  flow  oondi- 
tionSi  where  Halon  1301  was  added  to  the  inlet  air  flow  such  that  fire 
remained  well  ventilated. 

3.2  MATERIALS 

In  the  study,  five  materials  listed  in  Table  I  were  examined. 
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IV 

RESULTS 

4.1  IGNITION 

The  ignition  data  are  listed  in  Table  II  and  are  plotted  in  Figures  2  and 
3.  In  these  Figures  it  oan  be  noted  that  Eq.  (4)  in  the  Appendix  is  satis¬ 
fied,  and  thus  from  the  inverse  of  the  slope,  the  Thermal  Response  Parameter 
(TRP)  is  determined.  Critioal  heat  flux  is  also  identified  on  the  figure. 

With  an  increase  in  thlokness,  TRP  value  inoreases,  as  shown  in  Figure  4  for 
MTL  #3  sample.  The  data  for  the  critioal  heat  flux  and  TRP  for  all  the  FRC 
materials  examined  in  the  study  are  listed  in  Table  III.  Critioal  heat  flux 
..values  for  non  FRC  materials,  such  as  Douglas. fir  (wood),,  polypropylene  (PP) 
and  polystyrene  (PS)*  are  also  lnoluded  in  the  table  for  comparison.  Ignition 
temperatures  listed  in  the  table  are  estimated  from  the  critical  heac  flux 
values  using  the  Stefan  Bolt2man  law. 

As  oan  be  noted,  TRP  values  for  FRC  materials  are  higher  than  for  non  FRC 
materials.  Thus  FRC  materials  are  expeoted  to  have  higher  resistance  to 
Ignition  and  propagation  than  the  example  non  FRC  materials. 

4.2  MASS  LOSS  AND  HEAT  OF  GASIFICATION 

Figure  5  shows  the  average  data  for  the  peak  mass  loss  rate  as  a  function 
of  the  external  heat  flux.  The  data  show  that  the  mass  loss  rate  is  a  linear 
funotion  of  the  external  heat  flux,  and  Eq.  (2)  in  the  Appendix  is  therefore 
satisfied.  The  heat  of  gaslfioation  values  thus  have  been  determined  from  the 
inverse  of  the  slopes  of  the  lines.  As  oan  be  noted  from  the  slopes,  the  heat 
of  gaslfioation  values  for  the  FRC  materials  are  higher  than  the  value  for 
wood.  The  heat  of  gaslfioation  values  determined  from  the  slopes  are  listed 
in  Table  III.  Thus  for  a  given  heat  flux,  mass  loss  rate  for  FRC  materials  is 
expeoted  to  be  less  than  the  wood. 


These  materials  are  identified  as  example  qon-FRC  materials  in  this 
report. 
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4.3  HEAT  RELEASE  RATE 

Figure  6  shows  a  plot  of  average  of  peak  chemical  heat  release  rate  as  a 
funotion  of  external  heat  flux  for  the  FRC  materials.  The  rate  is  a  linear 
function  of  external  heat  flux,  and  Eq.  (9)  in  the  Appendix  is,  therefore, 
satisfied.  Thus,  the  ratio  of  chemical  heat  of  combustion  (AHCh)  to  heat  of 
gasification,  L,  values  for  the  FRC  materials  have  been  determined  from  the 
slope  of  the  lines.  The  heat  of  combustion  values  have  been  determined  from 
the  ratio  of  the  heat  release  rate  to  mass  loss  rate  (Eq.  (8))  in  the 
Appendix.  The  values  determined  in  this  fashion  are  listed  in  Table  III.  As 
can  be  noted,  there  are  some  differences  in  the  heat  of  combustion  values 
determined  from  the  generation  rates  of  CO  and  C02  and  depletion  rate  of  02. 
For  comparison,,  the  heat  of. combustion  values  for.. wood,  PP  and  PS  are  also 
inoluded  in  the  Table. 

Thus  for  a  given  heat  flux,  the  heat  release  rate  for  FRC  materials  is 
expected  to  be  less  than  for  PPAP's. 

4.4  GENERATION  RATE  OF  FIRE  PRODUCTS  AND  MASS  OPTICAL  DENSITY  OF  SMOKE 

In  the  experiments,  generation  rates  of  CO,  C02,  smoke  and  total  gaseous 
hydrooarbons ,  depletion  rate  of  02  and  optioal  density  of  smoke  were  deter¬ 
mined.  As  examples,  Figures  7  and  8  show  plots  of  generation  rates  of  CO  and 
smoke  as  functions  of  the  external  heat  flux,  where  linear  relationships  can 
be  noted  as  expeoted  from  Eq.(l8)  in  the  Appendix,  and  thus  the  ratios  of  the 
yields  of  CO  and  smoke  to  heat  of  gasification,  Yco/L  and  Ys/L,  have  been 
determined  from  the  slopes.  The  yields  of  CO  and  smoke  have  been  calculated 
from  the  ratios  of  the  generation  rates  of  the  products  to  the  mass  loss  rate 
(Eq.  (16)  of  the  Appendix).  The  yields  of  selected  fire  products  for  wood  PP 
and  PS  are  also  Inoluded  in  Table  III  for  comparisons. 

Smoke  generated  in  fires  is  responsible  for  reducing  visibility,  as  well 
as  damaging  electrical  components  and  equipments,  disooloring  materials  and 
introducing  unwanted  odors  on  the  materials.  For  the  assessment  of  hazard  due 
to  reduction  in  visibility,  optical  density  is  quantified  (Eq.  19  in  the 
Appendix)  and  is  expressed  in  terms  of  mass  optical  density  (MOD)  (Eq.  20  in 
the  Appendix).  The  peak  MOD  values  for  the  MTL  Samples  are  shown  in  Figure  9 
and  are  listed  in  Table  III.  For  comparison,  peak  MOD  values  for  wood,  poly¬ 
propylene  and  polystyrene  are  inoluded  in  Table  III. 
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Although  MOD  values  for  FRO  and  example  non  FRC  materials  are  comparable, 
beoause  of  lower  mass  loss  rate  expected, less  smoke  is  expeoted  to  be 
generated  from  FRC  materials  than  from  the  example  non  FRC  materials. 

4.5  FIRE  PROPAGATION 

Fire  propagation  depends  on  the  magnitude  of  the  flame  heat  flux  and 
TRP.  As  fire  size  increases,  the  radiative  component  of  the  flame  heat  flux 
inoreasea.  In  the  laboratory  soale  experiments,  the  increase  in  the  radiative 
component  of  the  flame  heat  flux  is  simulated  by  performing  experiments  in  the 
presence  of  air  with  oxygen  oonoentration  greater  than  21}  [7].  As  the  oxygen 
concentration  is  increased,  the  radiative  component  of  the  flame  heat  flux  in¬ 
oreasea  [71.  It  is  thus  expected  that  as  oxygen  oonoentration  is  increased, 
the  fire  propagation  rate  is  expected  to  inorease;  this  is  shown  in  Figures  10 
to  12  in  terms  of  chemio&l  heat  release  rate  during  fire  propagation.  For 
oxygen  concentration  values  of  40}  and  greater,  the  flame  heat  flux  reaohes 
its  asymptotio  value  expected  in  very  large-scale  fires  [7!i;  Figure  13  shows  a 
comparison  of  fire  propagation  behavior  of  the  MTL  samples  in  terms  of  chemi¬ 
cal  heat  release  rate  at  40}  oxygen  oonoentration.  The  asymptotic  flame  heat 
flux  values  for  MTL  samples  are  listed  in  Table  III.  The  fire  propagation 
rate  also  depends  on  the  TRP  values.  This  is  shown  in  Figure  14  for  MTL  I  3 
sample,  where  fire  propagation  behavior  of  the  sample  with  different  thick¬ 
nesses  is  expressed  in  terms  of  the  ohemioal  heat  release  rate.  As  thickness 
increases,  TRP  value  Increases  (see  Figure  4)  and  fire  propagation  rate 
decreases. 

Figures  15  to  18  show  the  Fire  Propagation  Index  (FPI)  profiles  for  the 
MTL  samples  at  40}  oxygen  concentration.  Peak  FPI  values  are  listed  in  Table 
IV  and  are  shown  graphically  in  Figure  19.  Thus  self-sustained  fire 
propagation  for  FRC  materials  beyond  the  ignition  zone  is  expected  to  be 
difficult  with  the  exception  of  MTL  #1. 

4.6  FLAME  SUPPRESSION/EXTINGUISHMENT  BY  HALON  1301 

Halon  1301  is  a  g;>s  and  interacts  with  the  flame  chemistry  resulting  in 
flame  suppression/extinguishment.  The  interaction  with  the  flame  chemistry 
results  in  the  reduction  of  heat  release  rate  and  the  flame  heat  flux;  thus, 
the  fire  propagation  rate  is  reduced  as  Halon  is  added  to  the  air  flow 
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entering  the  fire,  as  ahown  In  Figurea  20  and  21  for  MTL  #2  and  #3  samples, 
respeotively.  In  the  experiments,  the  aamples  were  exposed  to  60  kW/m2  of 
external  heat  flux  in  normal  air.  Different  concentrations  of  Halon  were 
added  at  different  times  for  MTL  #2  sample,  until  the  flame  was  extinguished 
at  Hf.  For  MTL  #3  sample,  the  flame  was  extinguished  at  2.5?  of  Halon.  For 
both  of  these  aamples,  the  chemioal  heat  release  rate  in  the  presenoe  of  Halon 
is  less  than  the  rate  in  the  absence  of  Halon,  i.e.,  there  is  fire  instability 
even  in  the  presenoe  of  2 %  Halon.  Thus,  the  rate  of  fire  propagation  is 
expeoted  to  be  reduoed.  The  flame  extinguishment  data  obtained  in  this 
fashion  for  the  MTL  samples  are  listed  in  Table  V.  Minimum  values  of  Halon 
1301  for  flame  extinguishment  reported  in  Referenoe  27  for  other  non-fiber 
reinforoed  composite  materials  are  also  included  in  Table  V  for  oomparison. 


* 
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V 

DISCUSSION 

5.1  RESISTANCE  TO  IGNITION  AND  FIRE  PROPAGATION 

In  this  study,  resistance  to  ignition  end  propagation  was  examined  in 
terras  of  oritioai  heat  flux  for  Ignition  and  the  Thermal  Response  Parameter 
(TRP).  Data  for  these  parameters  are  listed  in  Table  III.  Figure  22  shows 
the  TRP  values  for  the  FRO  materials  with  thioknessea  of  4.8  mm  (3.2  mm  for 
No.  5  Sample).  In  general,  materials  with  thioknesses  of  about  5  mm  with  TRP 
values  greater  than  about  300  kW/a1/2/m2,  show  high  resistance  to  ignition  and 
fire  propagation.  The  FRC  materials  examined  In  this  study  satisfy  these 
■conditions  and  are  expeoted  to  have  high  resistance  to  ignition  and  fire 
propagation. 

5.2  HEAT  RELEASE  RATE 

Heat  release  rate  has  been  examined  m  terms  of  the  ratio  of  heat  of 
eoubustion  to  heat  of  gasification  and  the  flame  heat  flux  (Eq.  (9)  in  the 
Appendix).  The  ratios  are  plotted  in  Figure  23  and  the  flame  heat  flux  is 
plotted  in  Figure  24  for  FRC  and  non-FRC  materials.  The  heat  of  oombustion, 
heat  of  gasifloation  and  flame  heat  flux  for  FRC  materials  are  listed  in 
Table  III.  In  Figure  23,  the  ratios  of  the  heat  of  oombustion  to  heat  of 
gasifloation  within  the  FRC  materials  do  not  vary  appreoiably  and  are  signi¬ 
ficantly  lower  than  the  ratios  for  the  ncn-FRC  materials,  including  wood.  In 
Figure  24,  the  flame  heat  flux  values  for  the  FRC  materials  are  significantly 
lower  than  the  values  for  the  non-FRC  materials,  with  the  exception  of  MTL 
sample  #1.  The  flame  heat  flux  values  for  the  FRC  materials  are  even  lower 
than  the  values  for  the  highly  halogenated  non-FRC  materials.  These  data  thus 
suggest  that  In  large-soals  fires  heat  release  rates  for  FRC  materials  are 
expeoted  to  be  significantly  lower  than  the  rates  for  non-FRC  materials  under 
similar  valuta  of  exposure  heat  flux.  Sinoe  the  flame  heat  from  a  burning 
material  for  self-sustained  fire  propagation  depends  on  the  heat  release  rate, 
the  self-sustained  fire  propagation  is  expeoted  to  be  difficult  for  the  FRC 
materials  oompared  to  the  non-FRC  material n.  Also,  hasards  from  thermal  fire 
environments  are  expeoted  to  be  aignifloantly  less  for  the  FRC  materials  than 
for  the  non-FRC  materials. 
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5.3  SELF-SUSTAINED  FIRE  PROPAGATION 

The  self-sustained  fire  propagation  for  the  FRC  materials  has  been 
quantified  in  terms  of  the  Fire  Propagation  Index  (FPI).  The  profiles  of  the 
FPI  values  quantified  for  0.10  m  wide  and  0.61  m  long  vertical  sheets  of  the 
FRC  materials  are  shown  in  Figures  15  to  18  and  the  peak  FPI  values  are  listed 
in  Table  IV  and  shown  in  Figure  19.  A  comparison  of  FPI  values  for  the  FRC 
materials  with  values  for  oables  [6],  as  listed  in  Table  IV,  suggests  that  the 
FPI  values  for  FRC  materials,  with  the  exoeption  of  MTL  #1,  are  oomparable  to 
the  FPI  values  for  Group  1  oables  for  which  self-sustained  fire  propagation  is 
not  expeoted  beyond  the  ignition  zone. 

The  fire  propagation  behavior  oan  also  be  assessed  on  the  basis  of  the 
rate  of  fire  propagation  oaloulated  from  Eq.  (14)  in  the  Appendix  and  the 
flammability  data,  as  listed  in  Table  III.  A  comparison  between  oaloulated 
rate  of  fire  propagation  and  Fire  Propagation  Index  is  shown  in  Figure  25, 
where  a  good  correlation  oan  be  noted. 

5.4  HAZARDS  DUE  TO  THERMAL  AND  NONTHERMAL  FIRE  ENVIRONMENTS 

For  FRC  materials,  the  generation  heat  and  fire  products  are  expeoted  to 
be  limited  to  the  burning  in  the  Ignition  zone.  For  relative  comparisons  of 
heat  release  rates  and  generation  rates  of  fire  produots  and  light  obsoura- 
tion,  the  ratios  of  heat  of  oombustion  to  heat  of  gasification,  as  shown  in 
Figure  23,  the  yield  of  individual  fire  produots  to  heat  of  gasification  and 
the  mass  optical  density  to  heat  of  gasifioatlon  (data  listed  in  Table  III), 
are  useful.  Under  similar  heat  flux  in  the  Ignition  zone,  the  ratios  suggest 
that  for  FRC  materials,  heat  release  rates,  generation  rates  of  fire  produots 
and  light  obsouratlon  by  smoke  are  expected  to  be  signifioantly  lower  than  for 
the  non-FRC  materials.  For  non  FRC  materials  considered  in  this  report  for 
comparison,  fire  is  expected  to  propagate  beyond  the  ignition  zone,  and  the 
rates  and  light  obsouratlon  are  expected  to  increase  further. 

5.5  FIRE  SUPPRESS ION/EXTINGUI SHMENT  BY  HALON  1301 

As  disoussed  previously,  for  FRC  materials,  the  fire  propagation  is 
oxpeoted  to  be  limited  to  the  ignition  zone.  Thus,  fire  suppression/  exting¬ 
uishment  by  Halon  1301  showed  to  be  effective  in  this  zone.  In  this  study, 
fire  suppression/extinguishment  experiments  using  Halon  1301  were  performed 
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with  FRC  samples  exposed  to  60  kW/m2,  a  very  strong  ignition  source.  As  shown 
in  Figures  20  and  21,  the  heat  release  rate  decreases  in  the  presence  of  Halon 
1301,  suggesting  that  combustion  effioienoy  is  decreased.  This  is  supported 
by  the  data  for  the  yield  of  CO  and  ohemioal  heat  of  oombustion  for  MTL 
samples  #1  to  #4  as  examples  in  Figures  26  and  27,  respectively.  The  yield  of 
CO  increases  and  heat  of  oombustion  decreases  with  an  inorease  in  the  halon 
oonoentration  until  flame  extinguishment.  The  data  reported  in  Table  V  for 
Halon  1301  oonoentration  required  for  flame  extinguishment  vary  in  the  range 
of  3  to  4J,  whioh  is  comparable  to  the  range  found  for  ordinary  oombustibles. 
Thus  maintenance  of  Halon  1301  concentrations  in  excess  of  4?  is  expeoted  to 
extinguish  fires  in  the  ignition  zone  for  the  FRC  materials;  this  oonoentra¬ 
tion  limit  satisfies  the  ourrent  Halon  1301  requirements  for  fire  suppression 
systems  for  tracked  vehicles. 
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VI 

CONCLUSION 

Within  the  FRC  materials,  HTL  #1,  which  was  the  base  line  material,  was 
not  fire-retarded  and  the  results  from  this  study  indicated  that.  In  this 
report,  the  distinction  has  been  made  between  MTL  #1  and  other  MTL  sample 
materials. 

The  results  from  this  study  suggest  that  FRC  materials  MTL  #2  to  #5  are 
expeoted  to  resist  ignition  and  fire  propagation;  Samples  #M  and  #5  had  the 
highest  fire  resistance.  The  higher  resistance  to  ignition  is  due  to  higher  I 
values  of  critloal  heat  flux  and  thermal  response  parameter.  The  materials 
will  burn  within  the  Ignition  and  external  heat  flux  zones,  but  the  generation 
rates  of  fire  products  and  heat  release  rates  are  expeoted  to  be  less  than 
those  for  non-FRC  materials  such  as  polystyrene  and  polypropylene. 

Halon  1301,  with  a  concentration  in  the  range  of  3  to  by  volume,  is 
expeoted  to  extinguish  flames  from  the  burning  FRC  materials  within  the 
ignition  and  external  heat  flux  zones  with  a  flux  up  to  60  leW/m2. 

From  the  estimates  based  on  results  of  this  study  performed  at  the 
Faotory  Mutual  Researoh  Corporation's  Small  Soale  Flanmability  Apparatus,  it 
oan  be  oonoluded  that  a  oomposite  vehiole,  by  virtue  of  its  oonstruotion,  is 
not  expeoted  to  present  an  unusual  fire  hazard.  Such  a  oonolusion,  however, 
needs  to  be  validated  in  larger  soale  fires,  possibly  using  enclosures  and/or 
parallel  sheets  made  of  the  FRC  materials. 
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VII 

RECOMMENDATIONS 


It  Is  recownended  that  the  results  from  this  study  be  validated  in  the 
large  soale  "field"  tests  that  simulate  realistio  conditions. 


I 
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NOMENCLATURE 


A  Total  surfaoe  area  of  the  material  involved  in  fire  (m2) 

Op  Speeifio  heat  (kJ/g  K) 

Cj  Concentration  (volume  %) 

all  p 

Cq  Maaa  consumption  rate  of  02  (g/ras) 

D  2  Optioal  density  (nf  *) 

fj  Generation  effioienoy  (-) 

FPI  Fire  propagation  index 

FRC  Fiber  reinforoed  oomposite 

in  9 

j  Generation  rate  per  unit  area  (g/nrs) 

AHj  Heat  of  oombustion  (kJ/g) 

I/I0  Fraotion  of  light  transmitted  (-) 

k  Thermal  oonduotivity  (kW/mK) 

kj  Maximum  possible  theoretioal  yield  (g/g) 

k^  Mass  oxygen-to-fuel  stoiohiometrio  ratio  (g/g) 

ft  2  Optioal  path  length  (m) 

L  Heat  of  gasification  (kJ/g) 

MOD  Mass  optioal  density  (m2/g) 

•  <*  9 

m  Mass  loss  rate  per  unit  surfaoe  area  (g/nrs) 

Mq  Mass  fraotion  of  oxygen 

M  2  Total  mass  flow  rate  of  fire  produots-air  mixture  (g/s) 
q  Heat  flux  per  unit  surfaoe  area  (kW/nr) 

0  Heat  release  rate  per  unit  surface  area  (kW/nr) 

^  Heat  release  rate  per  unit  width  or  circumference  (kW/m) 

AT  Temperature  above  ambient  (*K) 

t  Time  (s) 

TRP  Thermal  Response  parameter  (kWs^2/m2) 

0  Total  volumetrio  flow  rate  of  fire  produots-air  mixture  (m^/s) 

V  Fire  propagation  rate  (mm/s) 

Yj  Yield  (g/g) 

o  Density  (g/m2) 

Combustion  efficiency  (-) 

Effeotive  flame  heat  transfer  distanoe  (m) 
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Subscripts 
Ch  Chsnlosl 

Cion  oonvsotlvs 

Cr  Critiosl 

CO  Csrbon  monoxide 

•  External 

f  Flame 

g  Gas 

i  Chemical,  oonveotive  or  radiative 

ig  Ignition 

J  Fire  product 

n  Net 

rr  Surface  reradiation  loss 

R  Radiative 

S  Smoke 

T  Net  heat  of  complete  oombuation 

Superscripts 

•  Per  unit  of  time  (s-1) 

'  Per  unit  width  or  oiroumferenoe  (m-1) 

H  Per  unit  surface  area  of  the  material  (m~2) 
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TABLE  I 


FIBER  REINFORCED  COMPOSITE  MATERIALS  USED  IN  THE  STUDY 


Proper t lea  of  S-2  Glass  Flbera 


Denaity 

Ttnaile  Strength 
Mod  of  Elastioity 
Ult.  Elongation 
Filament  Type  &  Size 


2.49  g/cn>3  0.09  lba/ou.  in. 

45,818  MPA  665  KSI 

86.81  GPA  12.6  MSI 

5.4$  6  72  F 

Magnesia  aluminosilicate 

fiber  of  G  filament  diameter  (0.00036  in.) 


S-2  Glass  Woven  Fabrio  Deaor lotion 

Designation  (S-2  Glass,  250AA463  5x5.12  PW) 

24  oz/sq  yd,  5x5 .12  plain  weave, 
463  semi-oompatible  fiber  finiah 


MT1  #1  (S-2/oolveater.  MTL  baae  line) 

Rea in  -  Owens  Corning  Flberglas  (OCF)  E-701,  unpromoted,  non- 
thlxotropie  isophthalio  polyester  resin,  35-40$  styrene 
monomer,  no  flame  retardant  additive. 

Glass  -  S-2  Glass,  250AA463  5x5.12  PW 

Hand  layup  using  1-2$  MeKP  and  .02$  CoNP. 

Thickness:  4.8  mm 

Fiber  resin  ratio:  70:30  (by  weight) 


MT1  #2  (S-2/polveater.  Owens  Corning  Preorea) 

Resin  -  Owens  Corning  Flberglas  (OCF)  E-780,  unpromoted,  non- 
thixotropio  isophthalio  polyeater  resin,  speolfioally 
developed  and  formulated  for  ballistic  applioationa, 

35-40$  styrene  monomer.  Resin  system  is  oustom  compounded 
for  flame  retardancy  and  thick  laminate  moldabllity. 
Formulation  taken  from  85-0006. 
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TABLE  I 


FIBER  REINFORCED  COMPOSITE  MATERIALS  USED  IN  THE  STUDY 
”  (continued) 


Resin  Isophthallo  Polyester 

Additive  DAP  (diallyl  phthlate) 

Pillar  SB- 332  (aluminum  trihydrate) 

Additive  Glycerine 

Catalyst  TBPB  (tertiary  butyl  perbenzoate) 

L-256  (dimethyl  hexane) 

Thiokener  PQ  9104  (oalolum  hyroxide  disp.) 

Glass  -  S-2  glass,  250AA463  5x5.12  Pw 

Prepreg  layup,  vacuum  bag  molding,  elevated  temperature  cure. 
Thiokness;  4.8  mm 

Fiber  to  resin  ratio:  70:30  (by  weight) 


MTL  #3  (S2/P0lyester.  Amerloan  Cvanamid Prepreg) 

Company  Designation  -  CYCOM  4102-5x5  MOV.  S-Glass-48'* 

Resin  -  CYCOM  4102  Structural  Polyester  Resin,  diallyl 
phthalate  monomer,  peroxide  oure,  antimony 
trloxide  additive  1-3?. 

Glass  -  S-2  Glass,  250AA463  5x5.12  PW 

Vacuum  Bag  Molded,  170  F  oure,  250  F  Post  Cure 

Laminates  must  oonform  to  MIL-L-46197(MR) ,  LAMINATE: 
S-2  GLASS,  FABRIC-REINFORCED,  POLYESTER  RESIN 
PREIMPREGNATED,  DATED  23  DECEMBER  1987 

Thiokness:  4.8,  19  and  45  mm 

Fiber  to  resin  ratio:  70:30  (by  weight) 


MTL  #4  (Kevlar/Phenolio-PVB.  Russell  Plastios) 

Laminates  must  oonform  to  MIL-L-62474  B  (AT),  LAMINATE: 
ARAMID-FABRIC-REINFORCED,  PLASTIC,  DATED  25  JANUARY  1984. 

Thiokness:  4.8  mn 

Fiber  to  resin  ratio:  84:16  (by  weight) 
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TABLE  I 


FIBER  REINFORCED  COMPOSITE  MATERIALS  USED  IN  THE  STUDY 

(continued) 


MTL  #5  (S2/Phenollc  Armor.  Owens  Corning  Flberglasl 

Realn:  Reaole  phenolic  solution  from  Borden  Chemical 
designation  SC  1008 

60-66?  by  weight  solids 
25?  isopropyl  alcohol,  free  solvent 
10-16?  free  phenol 
1?  free  formaldehyde 

Glass  -  S-2  Glass  250AA463  5x5.12  PW 

Prepreg  layup,  press  molding 

Laminates  shall  conform  to  MIL-L-64154,  LAMINATE: 
FIBERGLASS-FABRIC-REINFORCED,  PHENOLIC . 

Thlolcness:  3.2  m 

Fiber  to  resin  ratio:  80:20  (by  weight) 
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TABLE  II 

PILOTED  IGNITION  DATA 


Sample;  HTL  #1  S-2/Polveater 

Heat  Flux  (kW/pi) 

30 

MO 

50 

60 

25 

20 

15 

10 


Baseline  (E-701).  4.8  tan  Thlok 
Time  to  Ignition  (a) 

156.6 
90.8 
59.1 
41.0 

233.6 

333.4 

823.4 

Did  not  ignite  (900) 


MTL 


Sample:  MTL  #2  S-2/Polveater  Owena-Cornlng  Preorea.  4.8  mm  Thlok 
Heat  Flux  (kW/m^)  Time  to  Ignition  (s) 


30 

124.7 

40 

82.5 

50 

57.2 

60 

40.1 

20 

317.5 

15  Did  not  ignite  (900) 


MTL  #3  S-2/Polveater  American  Cvanaalde  Preprea.  4.8  nw  Thlok 
Heat  Flux  (kW/n£)  Time  to  Ignition  (a) 


4.8  mm 

19  mm 

45  m 

30 

121.4 

286.0 

530.0 

40 

68.7 

144.1 

243.0 

50 

48.3 

92.2 

138.9 

60 

32.4 

57.7 

87.7 

25 

- 

411.7 

m 

20 

291.0 

m 

- 

15 

623.2 

m 

■» 

10 

Dio  not  ignito  (900) 

TABLE  II 

PILOTED  IGNITION  DATA 
(Continued) 


Sample:  MTL  £4  Kevlar /Phenolio- 

Heat  Flux  OcW/mS) 

30 

40 

50 

60 

20 

15 


Sample  MTL  #5  3-2  Phenol io 

Heat  Flux  (kW/n£) 

30 

40 

50 

60 

20 


Ruaaell  Coro.  Spall  Liner.  4.8 
Time  to  Ignition  (s) 

143.0 

84.2 

57.2 
40.7 
295.8 

Did  not  ignite  (900) 


PVB 


Owena-Corning  Spall  Liner.  3.2  mm  Thiok 


Time  to  Ignition  (a) 

365.1 

170.0 

89.1 

57.2 

Did  not  ignite  (900) 
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FIRE  PROPERTIES  OF  FIBER  REINFORCED  COMPOSITE 
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TABLE  IV 


PEAK  FIRE  PROPAGATION  INDEX  VALUES  FOB 
FIBER  REINFORCED  COMPOSITE  MATERIALS 


Thickness 


(mm) 

Peak  FPI 

MTL  #1 

4.8 

13.3 

MTL  #2 

4.6 

ND 

MTL  #3 

4.8 

9.7 

19 

7.8 

45 

6.6 

MTL  #4 

4.8 

7.8 

MTL  #5 

3.2 

3.2 

Fluor inated  Ethvlene- 
Propylene  Cable" 

5.0 

PE/PVC  Cable*9 

. 

20 

*No  self-sustained  fire  propagation;  classified  as  Group  1  oable 
(FPI  <10)  [6]; 

bVery  rapid  self-sustained  fire  propagation;  classified  as  Group  3  oable 
(FPI  i  20)  (6]{ 

ND:  Not  determined. 


*1 


TABLE  V 


VOLUME  t  OF  HALOH  1301  REQUIRED  FOR  FLAME  EXTINCTION 
Sample  No.  Volume  It) 


MTL  #1* 

4.0 

MIL  #2* 

4.0 

MTL  #3* 

3.0 

MTL  #4* 

4.0 

MTL  #5* 

3.5 

Woodb 

4.0 

Polypropylene 

4.0 

Polyethylene*3 

3.9 

Polystyrene*3 

3.9 

Polyvinylchloride*3 

2.6 

t:  Piber  reinforoed  composite  materials  examined  in  this  study. 

0.01  x  0.01  m  samples  exposed  to  60  Ic/W/nr  of  external  heat  flux. 

b:  Data  reported  by  various  authors  oompiled  in  Ref.  27.  Experimental 
oonditions  are  not  defined. 
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Exhaust 


0.20  m 


Pressure 

Tronaducara 


•  1to8— Thermocouples 


Orifice  Plata 


0.10  m 


0.13  m  Photo  Sensors . 
o.iom  i 


Collimated 

Light 

8ouroa 


0.61  m 


048  m 


0.01  m 


Stalnlaaa 
Stoat 
Sampling 
Ouct 
(0.10  mdla.) 


Quartz  Tuba 
(0.17  m.  dla.) 


— /  0  \ 
n 


Sampla 


Sampling 
Pro  boa 

“  Insulation  (0.045  m  Thick) 
Exhaust 

-  Coil  action  Cona 

(Aluminum  Poll) 


Radiant  Haatam 


Movable 

.  WatarCoolad 
'  Shield 

Oxygon 
m  Anslyzar 


i 


0.48  m 


Load  Call 
Assembly 


Electronic 

Manometer 


Air  Heater 


On  N|,  CO.  CO, i  etc. 


Figure  1.  FMRC'a  Small  Soale  (50  IcW)  FlannabUity  Apparatus. 


:  Generation  Rate  of  Carbon  Monoxide  as  a  Function  of  External 
;  Flux  for  Fiber  Reinforced  Composite  Materials.  Data  for  Woo 
Included  for  Comparison. 


Figure  9.  Peak  Hass  Optical  Density  of  Smoke  for  the  Fiber  Reinforced 
Composite  Material  Samples. 
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Figure  13.  Chesical  Heat  Release  Rate  During  Fire  Propagation  for  0.61  ■  Long 
and  0.10  e  Hide  Vertical  Sheets  of  Fiber  Reinforced  Composite 
Materials  in  40$  Oxygen  with  Bottoa  0.20  ■  of  the  Sheet  Exposed  to 
50  kW/*r  of  External  Heat  Flux. 
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Figure  14.  Chemical  Heat  Release  Rate  During  Fire  Propagation  for  a  0.61  i 
**  Long  and  0.10  ■  Hide  Vertical  Sheet  of  S-2/Polyester  (American 

Cyanaaide  Prepreg,  HTL  #3). 
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Figure  19.  Peak  Fire  Propagation  Index  Values  for  the  Fiber  3cinforced 
Composite  Material  Saaples. 


Figure  21 .  Combustion  of  KIL  #3  Sample  in  the  Presence  and  Absence  of 

Halon.  Sample  is  Exposed  to  60  klf/ar  of  External  Heat  Flux  in 
normal  Air. 


Figure  23.  Ratio  of  *-he  Chemical  Heat  of  Combustion  to  Heat  of  Gasification 
for  Fibe.  Reinforced  Composite  and  Mon-Composite  Materials. 


Correlation  Between  the  Bate  of  Fire  Propagation  Calculated  froa 
the  Data  in  Table  III  and  the  Fire  Propagation  Index  from  Table  IV 
for  the  Fiber  Reinforced  Composite  Materials.  6  =  0.16  m  [4]. 
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Figure  27.  Chemical  Heat  of  Cpmbustion  as  a  Function  of  Halon  Concentration 
for  the  Fiber  Reinforced  Composite  Materials.  External  Heat  Flux 
of  60  kW/nr  in  Normal  Air  was  Used  on  the  Experiments. 


APPENDIX 

CONCEPTS  AND  RELATIONSHIPS 


A-1 


THIS  PAGE  INTENTIONALLY  LETT  BLANK 


The  magnitude  of  heat  required  to  generate  vapors  from  a  material  depends 
on  the  thermal  stability  of  the  material.  As  the  temperature  or  heat  flux  Is 
Increased  the  generation  rate  of  vapors,  measured  In  terms  of  mass  loss  of  the 
material i  inoreaser.  The  following  relationship  has  been  found  between  the 
mass  loss  rate  and  heat  flux  [2,3]: 

,H  (h  ,n  .ii 

m  «  <<Je  ♦  qf  -  qrr)  /  L  (D 

gll  j  •  II 

whtre  m  Is  the  mass  loss  rats  (g/nrs);  o  Is  the  external  heat  flux  (kW/nr); 

|ll  j  |  II  ®  £ 

qf  is  the  flame  heat  flux  (kW/nr);  qrr  is  the  surfaoe  reradiation  loss  (kW/nr) 

and  L  Is  the  heat  of  gaslfioation  (kJ/g). 

,ii 

In  nonflaming  fires,  qf  is  zero  and  Eq,.  (1)  can  be  expressed  as: 

,  it  ,n  ,  ■» 

■  *  (<!e  -  qrl.)  /  L  (2) 

,h 

and  in  flaming  fires,  in  the  absence  of  external  heat  flux,  q#  is  zero  and  Eq. 
(1)  oan  be  expressed  as: 


*n 

m 


,n 

qrr>  1  L- 


(3) 


It  has  been  shown  that  in  small-scale  experiments  with  turbulent  fires, 
the  flame  heat  flux  approaches  its  asymptotic  value  for  oxygen  oonoent rat ions 
greater  than  about  30%;  the  asymptotic  value  is  very  close  to  the  value 
expeoted  in  very  large  fires^. 

,  H  ,  It  ,11  ,  N  ,11 

A  oonditlon  where  q^  +  qf  »  qpp,  m  «  0,  and  thus  qpp  represents  the 

minimum  heat  flux  at  or  below  which  the  material  is  not  expeoted  to  generate 

•  w  ,  i» 

vapors.  High  values  of  q„„  and  L  and/or  low  values  of  q,  are  expeoted  to 

rv»  1 

result  in  small  values  of  m  ,  and  heat  release  rates,  fire  propagation  rate, 
generation  rate  of  smoke,  toxlo  and  oorrosive  fire  produots  are  expeoted  to  be 

,n  ,*i 

reduoed.  Thus,  FRC  materials  with  high  values  of  qpp  and  L  and  low  qf  value 
would  be  preferred. 

For  the  assessment  of  the  flammability  behavior  of  FRC  materials,  it  is 
therefore  important  to  quantify  surfaoe  reradiation  loss,  heat  of  gasification 
and  flame  heat  flux.  For  these  quantifications,  two  types  of  experiments  can 
oe  performed; 


A-3 


1)  Mass  Loss  Rate  aa  a  Function  of  Temperature 

The  most  oommonly  used  technique  is  the  thermo-gravimetry  (TQ).  Thermo- 
gravimetry  (TG)  is  an  analytical  technique  in  whioh  the  mass  of  a  substanoe  is 
monitored  as  a  funotion  of  temperature  or  time  while  the  speoimen  is  subjeoted 
to  a  controlled  temperature  program.  The  basio  oomponents  of  modern  TQ  have 
existed  since  the  early  part  of  this  oentury  [22-24]. 

Thermal  analysis,  in  the  form  of  TQ,  has  been  employed  extensively  in  the 
area  of  polymer  flammability  to  oharaoterize  polymer  degradation.  TQ  provides 
a  "degradation  profile"  of  a  material  and  permits  one  to  examine  and  evaluate 
thermal  decomposition  whioh  is  fundamental  to  the  burning  prooess. 


2)  Hass  Loss  Rate  as  a  Funotion  of  External  Heat  Flux 

The  technique  for  the  measurement  of  mass  loss  rate  as  a  funotion  of  heat 
flux  was  developed  in  1976  FMRC  using  Small-Scale  Flammability  Apparatus 
[8].  Several  other  flammability  apparatuses  are  now  available  for  suoh 
measurements,  suoh  as  OSU  Heat  Release  Rate  Apparatus  [13]  and  NIST  Cone 
Calorimeter  [14]. 


Ignition 

For  thermal  thiok  materials,  time  to  ignition  is  found  to  follow  the 
following  relationship  as  external  heat  flux  is  varied  [4,6]: 


•« 

“  qe 


/  AT  (k  p  op) 1/2  , 


(4) 


where  tig  is  time  to  ignition  (s);  AT  is  the  temperature  of  Ignition  above 
ambient  (K);  k  is  the  thermal  oonduotivlty  (kW/m  K);  p  is  the  density  (g/ra^) 
and  Op  is  the  speoifio  heat  (kJ/g  K) .  In.  Eq.  (4),  AT  (kpop)1/2  is  defined 
as  the  Thermal  Response  Parameter  (TRP)  of  the  material  and  expresses  the 
ignition  and  fire  propagation  resistance  character istios  of  the  material. 
Minimum  value  of  qa,  at  or  below  whioh  there  is  no  ignition,  is  defined  as  the 

•  , n  ,  I* 

orltloal  heat  flux.  qQp,  for  ignition  [4,6],  The  higher  the  values  of  qQr 
and  TRP,  the  greater  is  the  resistance  to  ignition  and  fire  propagation. 

Thus,  these  two  parameters  need  to  be  quantified  for  the  assessment  of 

•  "  •  "  ( 5 ) 

resistance  to  heat  exposure.  It  has  been  shown  that  q  »  q  '  . 


In  the  experiments,  time  to  ignition  can  be  measured  at  various  heat  flux 
values  and  oritioal  heat  flux  for  ignition  and  TRP  can  be  quantified  using 
techniques  such  as  the  one  used  in  the  FMRC  Small-Scale  Flammability  Apparatus 

[ML 

Heat  Release  Rate 

It  has  been  shown  that  the  heat  generated  in  ohemical  reactions  leading 
to  the  generation  of  CO  and  C02  end  depletion  of  02  can  be  used  to  oaloulate 
the  ohemioal  heat  release  rate  using  the  following  relationships  [2,3]: 

^Ch  *  (AHj/kco^  )  <5C0^  ♦  [(AKp  -  AHC0)/kC0]  (5) 


and 


$Ch  »  UHj/k^)  tQ^,  (6) 

where  ^  is  the  ohemioal  heat  release  rate  (kW/m2);  AHp  is  the  net  heat  of 
oomplete  oombustion  (kJ/g);  AHCQ  is  the  heat  of  oombustion  of  CO  (kJ/g);  kco 
and  kCQ  are  the  maximum  possible  theoretioal  yields  of  CO  and  C02,  respec¬ 
tively  ?g/g) ;  kQ  is  the  maximum  possible  mass  of  oxygen  oonsumed  per  unit' 
mass  of  materlal2vapors  (mass  oxygen-to-fuel  stoichiometric  ratio)  (g/g) ; 

.*•  .ii 

and  u„n  are  the  mass  generation  rates  of  CO  and  C02,  respectively 

UU  -  UJg  II  2 

(g/nrs);  ana  CQ  is  the  mesa  consumption  rata  of  02  (g/nrs). 

It  has  beefi  shown  that  the  oonveotive  heat  release  rate  oan  be  calculated 
using  the  following  relationship  [2,3]: 

4jon  ■  H  opATg/»  ,  (V 

*11  p 

where  Qgon  is  the  oonveotive  heat  release  rate  (kW/nr);  M  is  the  total  mass 
flow  rate  of  fire  products  and  air  mixture  (g/s),  ATg  is  the  gas  temperature 
above  ambient  (K)  and  A  is  the  total  surfaoe  area  of  the  material  involved  in 
fire  (m2). 

The  radiative  heat  release  rate  is  calculated  from  the  difference  between 
the  chemical  and  oonveotive  heat  release  rates  [2,31. 
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It  haa  been  shown  that  heat  release  rate  satisfies  the  following 
relationship  (2,31: 


Q1  «  AHjti  , 


(8) 


where  1  is  ohemieal,  oonveotive  or  radiative  and  is  the  heat  of  oorobustion 
(kJ/g) . 

Prom  Eqs.  (1)  and  (8): 


Qt  «  (AH1/L)  qn 


(9) 


•" 

where  q„  is  the  net  heat  flux  defined  as: 
n 


•  »  •«  •« 


qn  B  qe  +  qf  *  qrr  * 


(10) 


in  Eqs.  (8)  and  (9)  can  be  expressed  as  AKj. •  where  xi  is  the  combustion 
efflolenoy.  Eq.  (9)  can  be  expressed  as 


■  XJ,  UHj/l)  q”  . 
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In  Eq.  (11),  AHp/L  is  a  fundamental  phyaiooohemieai  property  of  the  material. 

AHj  oan  be  measured  in  the  Oxygen  Bomb  Calorimeter  or  can  be  oaloulated  from 

the  heat  of  formation,  and  values  of  L  oan  be  obtained  from  experiments 

desorlbed  previously.  The  value  of  Xi  depends  on  the  enemlcal  structure  of 

the  material  and  fire  ventilation,  but  not  on  fire  size  for  turbulent  fires. 

• "  *  *• 

For  oonditions  where  qQ  >>  qpr,  Eq.  (11)  oan  be  expressed  as: 


$1  *  Xt  (AKp/L)  qe  . 


(12) 


Thus,  experiments  can  be  performed  where  the  ohemieal,  oonveotive  and 

radiative  heat  release  rates  oan  be  measured  at  various  external  heat  flux 

values.  Linear  relationships  should  be  found  for  the  experimental  data  for 

.»• 

higher  q#  values  as  suggested  by  Eq.  (12)  and  (AH^'L)  and  xA  (if  AHT  is 
known)  oan  be  determined.  Materials  with  low  values  of  AH^/L  (and  x^)  are 
expeoted  to  have  low  heat  release  rates.  Several  apparatuses  are  available  to 


quantify  heat  release  rates:  1)  the  FMRC  Small-Scale  Flammability  Apparatus  where 
ohemioal,  oonveotive  and  radiative  heat  release  rates  are  measured  [2-10];  2) 
the  OSU  Heat  Release  Rate  Apparatus  [(13]  where  only  oonveotive  heat  release 
rate  is  measured,  and  3)  the  NIST  Cone  Calorimeter  [14]  where  only  ohemioal 
heat  release  rate  is  measured. 

Fire  Propagation 

It  has  been  shown  that  the  fire  propagation  behavior  oan  be  quantified 
using  a  Fire  Propagation  Index  (FPI)  [4,6].  FPI  is  expressed  as  the  ratio  of 
the  radiative  heat  release  rate  to  the  thermal  response  parameter  (TRP), 

FPI  a  [<xR*;h)1/3  /  TRpl  x  1000  •  <13) 

where  i*s  the  ohemioal  heat  release  rate  per  unit  width  or  oiroumferenoe  of 
the  sample  (kW/m),  and  xR  is  the  radiative  fraction  of  the  ohemioal  heat 
release  rate,  assumed  to  be  constant  and  equal  to  0.40.  FPI  is  quantified  by 
measuring  as  a  funotion  of  time  during  fire  propagation  and  by  measuring 
TRP  in  separate  ignition  experiments. 

FPI  oan  be  considered  as  a  quantity  proportional  to  the  square  root  of 
the  rate  of  fire  propagation  (v1/a).  For  concurrent  flow  for  thermally  thiok 
solids,  v  is  expressed  as  [4]. 


.1/2 


«J/2  /AT  (kpo  )1/2, 


<  14) 


where  v  is  m/s;  q'^  is  the  flame  heat  flux  (kW/m2);  and  is  the  effective  flame 
heat  transfer  distance  estimated  to  be  about  0.16  m  in  our  apparatus  it 
nas  been  shown  that  [7], 


■  \  (15) 

where  mQ  is  mass  fraotion  of  oxygen.  Thus,  v1/2  can  be  calculated  from  the 
fundamental  flaomability  data  and  is  expected  to  correlate  with  the  FPI  values 
of  various  materials. 
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Generation  of  Smoke,  Toxio  and  Corrosive  Fire  Products 

Smoke,  toxio  and  oorroslve  produota  are  generated  in  fires  as  a  result  of 
vaporization,  decomposition  and  oombustlon  of  materials  in  the  presenoe  or  in 
the  absence  of  air. 

It  has  been  shown  that  the  generation  rate  of  fire  produots  satisfies  the 
following  relationship  [2,3]: 

,n  ,ii 

fij  ■  Vj  ■  ,  (16) 

6"  9 

j  is  the  generation  rate  of  produot  J  (g/nrs)  and  Yj  is  the  yield  of 
the  produot  (g/g).  From  Eqs.  (1),  (10)  and  (17): 

fi]  *  (Yj/L)  q”  .  (17) 

Yj  in  Eq.  (17)  oan  be  expressed  as  fj  kj,  where  fj  is  the  generation 
effioienoy  of  the  produot,  as: 

4j  ■  rj  <vL)  3»  •  < 16) 

kj/L  is  a  fundamental  physiooohemioal  property  of  the  material,  kj  oan  be 
oaloulated  from  the  elemental  composition  of  the  material,  whioh  oan  be  moa- 
sured  using  mioroanalytical  techniques,  fj  depends  on  the  ohemioal  structure 
of  the  material  and  additives  and  fire  ventilation,  but  not  on  fire  size  for 
turbulent  fires.  In  order  to  determine  Yj  and  fj,  experiments  oan  be  per¬ 
formed,  where  generation  rates  of  individual  fire  produots  are  measured,  at 

various  external  heat  flux  values.  Linear  relationships  should  be  found  from 

.  •> 

the  experimental  data  for  higher  q.  values  as  indioated  by  Eqs,  (17)  and  (18) 
and  (Yj/L)  and  fj  (if  kj  value  is  known)  oan  be  determined.  Materials  with 
low  values  of  Yj/L  (and  fj)  are  expooted  to  have  low  values  for  the  generation 
rates  of  fire  produots,  Several  apparatuses  are  available  for  such  quantifi¬ 
cations  such  as  the  FMRC  Small-Soale  Flammability  Apparatus  [2-10,  17,  18], 
the  OSU  Heat  Release  Rate  Apparatus  [131  and  the  NIST  Cone  calorimeter  [14]. 
For  detailed  examination  of  the  fire  produots,  pyrolysis-gas  chromatography/ 
mass  spectrometry  (Py-GC-MS)  techniques  [16]  oan  be  used. 
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Generation  rate  of  smoke  can  be  quantified  by  measuring  the  mass  of  smoke 
and/or  the  optical  density  of  smoke,  D,  defined  as: 

D  =  (1/1)  log10  (I0/I)  ,  (19) 

where  A  is  the  optical  path  length  (m)  and  I/IQ  is  the  fraction  of  light 
transmitted  through  smoke.  Since  D  depends  on  the  generation  rate  of  smoke 
and  total  flow  rate  of  the  fire  produot-air  mixture,  D  is  expressed  as  the 
mass  optical  density  (MOD)  in  m^/g  [17]: 

MOD  *  (1/4)  [log1Q  ( I0/I )  ]  V/in"  A  ,  (20) 

where  V  is  the  total  volumetric  flow  rate  of  the  fire  product-air  mixture 
(m^/s) . 

Techniques  have  been  developed  to  quantify  ooriosive  properties  of  the 
fire  products  [17]  as  well  as  the  toxic  properties  using  animals  [19].  Toxi- 
oity  evaluation  tested  on  identified  species  can  also  be  mUde  by  comparisons 
with  the  information  available  from  the  NIOSH  Registry  of  Toxic  Effects  of 
Chemical  Substanoes. 

Fire  Extinguishment 

The  effioienoy  of  fire  extinguishment  depends  on  the  rate  of  agent 
application  and  the  ability  of  the  agent  to  interrupt  the  chemical  reactions 
responsible  for  generating  heat  in  the  gas  phase  or  removing  heat  from  the 
surfaoe  of  the  burning  material.  No  small-soale  techniques  are  available  for 
quantifying  fire  extinguishment;  however,  reoentiy  an  attempt  has  been  made  to 
develop  them  using  the  FMRC  Small-Scale  Flammability  Apparatus  [21  \. 
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